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Abstract 
Borophene, the boron atom analogue to graphene, being atomic thick have been just 
recently experimentally fabricated. In this work, we employ first-principles density 
functional theory calculations to investigate the interaction of Ca, Mg, Na or Li 
atoms with single-layer and free-standing borophene. We first identified the most 
stable binding sites and their corresponding binding energies as well and then we 
gradually increased the ions concentration. Our calculations predict strong binding 
energies of around 4.03 eV, 2.09 eV, 2.92 eV and 3.28 eV between the borophene 
substrate and Ca, Mg, Na or Li ions, respectively. We found that the binding energy 
generally decreases by increasing the ions content. Using the Bader charge analysis, 
we evaluate the charge transfer between the adatoms and the borophene sheet. Our 
investigation proposes the borophene as a 2D material with a remarkably high 
capacity of around 800 mAh/g, 1960 mAh/g, 1380 mAh/g and 1720 mAh/g for Ca, 
Mg, Na or Li ions storage, respectively. This study can be useful for the possible 
application of borophene for the rechargeable ion batteries.   
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1. Introduction 
Two-dimensional (2D) materials are currently among the most interesting research 
topics because of their remarkably wide application prospects from nanoelectronics to 
aerospace structures. This interest was principally initiated by the successful 
production of graphene 1–3 which is the planar arrangement of carbon atoms with 
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honeycomb lattice. Graphene is a semi-metallic material that exhibits outstanding 
mechanical 4 and heat conduction 5 properties superior than all known materials. 
Graphene success motivated numerous experimental and theoretical researches 
toward the prediction and synthesis of other two-dimensional (2D) compounds, such 
as hexagonal boron-nitride 6,7, silicene 8,9, germanene 10, stanene 11 and transition 
metal dichalcogenides 12–14 like molybdenum disulfide (MoS2).  
In line with the continuous advances in the fabrication of 2D materials, an exciting 
development has just taken place with respect to the synthesis of 2D boron films, so 
called borophene 15. Interestingly, the existence of borophene and its metallic 
properties were already theoretically predicted 16,17. In response to the high demand 
for more efficient rechargeable energy storage systems, graphene and other 2D 
crystals and their hybrid structures can be investigated as promising candidates 
owing to their large surface area, high mechanical flexibility and high electron 
mobility 18–21. For example, bulk silicon anode can yield a specific capacity of 4200 
mAh/g 22,23, but due to the degradation by drastic volume changes during the battery 
operation the commercialization of this battery technology is prohibited so far 24–26. 
On the other side, silicene the planar form of silicon can exhibit high capacity 
without being destroyed during lithiation 21. In addition, MoS2 nanosheets can yield a 
high capacity of 912 mAh/g at 1C current 27. One of the most attractive 
characteristics of the 2D materials is related to their potential for integration and 
fabrication of heterostructures 28,29 with tuneable properties. Because of experimental 
complexities at nanoscale, theoretical investigations can be used as an alternative to 
evaluate the application prospect of the 2D materials 30–38. This study therefore aims 
to explore the applicability of borophene for Ca, Mg, Na or Li ions storage using 
first-principles density functional theory calculations. 
2. Modelling  
First-principles density functional theory (DFT) calculations in the present study 
were carried out using Vienna ab initio simulation package (VASP) 39,40 using the 
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation exchange-
correlation functional 41. We considered van der Waals interactions using the semi-
empirical correction of Grimme 42,43. The projector augmented wave method 44 was 
employed with an energy cutoff of 500 eV. We constructed a borophene sheet 
including 72 atoms and applied periodic boundary conditions in all directions with a 
20 Å vacuum layer to avoid image-image interaction along the sheet thickness. We 
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first identified the most favorable binding sites for Ca, Mg, Na or Li adatom on the 
borophene film. Then we gradually and step by step increased the atoms 
concentration by randomly but uniformly positioning them on the identified sites. 
After automatically positioning the ions, conjugate gradient method energy 
minimization was performed on the whole structure at each step with a 10-4 eV 
criteria for energy convergence using a 7×7×1 k-point mesh size for Brillouin zone 
sampling. A single point calculation was then performed at the end of each 
minimization step to report the energy of the system in which the Brillouin zone is 
sampled using a 8×8×1 k-point mesh size. For the evaluation of charge transfer 
between the ions and the substrate, we performed Bader charge analysis 45. Climbing-
image nudged elastic band (NEB) 46 method was utilized to obtain the diffusion 
pathways and corresponding energy barriers. For the NEB calculations, we included 
24 atoms for the borophene film and a Monkhorst Pack mesh 47 of 15×15×1 special 
points was used for integration in the reciprocal space. Ab initio molecular dynamics 
(AIMD) simulations were also performed using Langevin thermostat with a time step 
of 1fs and 2×2×1 k-point mesh. 
3. Results and discussions 
We first investigate the adsorption behaviour of a single Ca, Mg, Na or Li atoms on 
the borophene sheet. For a material to be suitable as an anode for a particular ion 
storage, a relatively large energy for the ion adsorption plays a fundamental role. To 
find the site with the strongest binding energy for a particular ion we considered four 
different initial adsorption sites: above the top of boron atoms in the furrow, above 
the middle-point of B–B bond in the furrow, above the top of boron atoms in the 
ridge and finally above the middle-point of B–B bond in the ridge 48. In this case, 
next we performed energy minimization using the conjugate gradient method with a 
strict energy convergence criteria of 10-6 eV. In Fig. 1, top and side views of a single 
Li or Na ions adsorbed on the borophene sheet are illustrated. We found that for Li 
atom the most stable site for the adsorption is above the top of boron atoms in the 
furrow (Fig. 1a), which is in agreement with the recent theoretical study 48. 
Nevertheless, for Ca, Mg and Na atoms we found that the most stable position for 
the ion adsorption is above the middle-point of B–B bond in the furrow (Fig. 1b).  
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Fig. 1, Top and side views of the most stable site for the adsorption of a single (a) Li or (b) 
Na atoms on the borophene. For the borophene sheet we plotted the valence electron 
density. For Mg and Ca atoms the most stable site for the adsorption is similar for Na 
ion which is the middle-point of B–B bonds in the furrow. VESTA 49 package was 
used for the illustration of structures. 
During the charging and discharging processes of a rechargeable battery, the ions 
concentration increases or decreases depending on the current direction. These 
processes consequently induce compositional and structural change of the anode 
material. In the next step we therefore investigate the effects of gradual increase of 
the atom content on the borophene anode. In this case, in order to be close to the 
minimized structure, we randomly and uniformly positioned the ions on the stable 
sites that were predicted in the previous step. After performing the energy 
minimization, we again increased the ions concentration. In the present study, to 
have a good statistical view, we performed four independent simulations for the ions 
adsorption on the borophene. After the every step of atoms insertion and geometry 
optimisation, we calculated the adsorption energies and performed the Bader charges 
analysis. The charge capacity of borophene for a particular ion is correlated to the 
state at which any further increasing of the atom concentration does not transfer 
additional electrons to the substrate. Based on the Bader charges analysis, we 
obtained the maximum charge capacity for the considered atoms on the borophene 
anode. In Fig. 2, we illustrate samples of borophene films saturated with Ca, Mg, Na 
or Li ions. Our calculations suggest remarkably high capacity of around 800 mAh/g, 
1960 mAh/g, 1380 mAh/g and 1720 mAh/g for Ca, Mg, Na or Li ions adsorption on 
borophene, respectively. Our prediction for the capacity of Li ion storage on 
borophene is around 7% smaller than that predicted by a recent theoretical study 48. 
Such a small discrepancy can be attributed to the difference in the modelling 
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approach. In our study we included a relatively large borophene sheet in which ions 
adsorption occur randomly. Despite the statistical variations associated to such a 
modelling approach, that is more likely to what that happens during a real charging 
process of an anode material. Interestingly, our simulation results suggests that the 
Mg ions can yield the highest charge capacity among the considered atoms for a 
borophene anode material.      
 
 
 
Fig. 2, Samples of borophene films saturated with (a) Li, (b) Na, (c) Mg and (d) Na ions. In 
our modelling Ca ions contain 10 ions in their valance bond and they only transfer a 
small portion of electrons to the borophene substrate. We predicted charge capacity of 
800 mAh/g, 1960 mAh/g, 1380 mAh/g and 1720 mAh/g for Ca, Mg, Na or Li ions 
adsorption on the borophene, respectively. 
 
Our modelling results illustrated in Fig. 3, reveals that high concentration of adatom 
adsorption induces considerable deformations and lattice distortions in the borophene 
substrate. We found the occurrences of the maximum and minimum distortions in 
the borophene lattice induced by Ca and Na atoms, respectively. For the application 
of borophene in rechargeable ion batteries these lattice deflections and distortions 
should be removable after the ions separation during the battery discharging process. 
To assess the reversibility of these structural deformations, we used AIMD 
simulations at room temperature. In this case, we removed the adatoms and then 
performed the AIMD simulations. We found that after 1 ps, 4 ps and 7 ps, the 
borophene sheets that were saturated by Na, Li and Mg ions, respectively, could well 
retrieve the original structures at 300 K. For the borophene sheets saturated with Ca 
atoms we found the formation of B–B bonds connecting the two neighbouring ridge 
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and forming two pentagon rings. Based on the theoretical predictions these kind of 
bonds exist in Pmmm 16 borophene structure. To remove these bonds and retrieve 
the original structure, the borophene film that was covered by the Ca atoms needs a 
much longer relaxation time. Because of the capability of a considerably fast 
recovery of the original structure, the application of borophene for Na, Li or Mg ions 
storage is therefore expected to be practical. We also studied the thermal stabilities 
of the borophene structure at different temperatures using the AIMD method. We 
found that the borophene sheet remained intact at the end of the simulation at 
T=750 K. It was partly disintegrated at T=1000 K and T=1500 K and completely 
disintegrated at T=2000 K. The thermal stability of borophene at a relatively high 
temperature of 750 K is also a promising characteristic for an anode material.   
 
 
Fig. 3, AIMD simulation results to assess the irreversibility of borophene sheets deformations 
induced by the (a) Li, (b) Na, (c) Mg or (d) Ca, ions adsorption. 
 
For a desirable anode material, presenting a high electronic conductivity is a  
property that directly affects the performance of the battery. Electronic conductivity 
is the main factor that determines the internal electronic resistance in a battery. In 
addition, the ohmic heating generated during the battery operation is also 
proportional to the electronic conductivity of the electrode's solid particles used for 
ions storage. Worthy to remember that predicted pristine borophene sheets exhibit 
various structural polymorphs that they all are metallic 15,17. In this work, minimized 
borophene structures covered by Ca, Mg, Na or Li ions were therefore selected for 
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the electronic density of states (DOS) calculation. Our calculated total DOS confirms 
that in all cases, despite of some structural deformations, the borophene films 
demonstrated metallic behaviour as indicated by the lack of any band gaps in the 
DOS.   
 
 
Fig. 4, Binding energy of Li, Na, Mg and Ca ions on borophene as the function of capacity. 
 
We then discuss the binding (adsorption) energy of  Ca, Mg, Na or Li atom on 
single-layer and free-standing borophene. The binding energy, Eb, is calculated using 
the following relation: 
   
                      
 
                          
where Ebor+ion denotes the total energy of the structure, Ebor is the total energy of the 
pristine borophene layer, Eion is the energy of an isolated atom and N is the number 
of adatoms. We predict a binding energy of 3.28 eV for a single Li ion adsorption on 
a borophene substrate. In addition, we predicted a relatively strong binding energies 
of around 4.03 eV, 2.09 eV and 2.92 eV between the borophene substrate and Ca, 
Mg and Na atoms, respectively. In Fig. 4, binding energies of Li, Na, Mg and Ca ions 
on borophene as the function of charge capacity are illustrated. In this case, as a 
general trend by increasing the Li, Na and Ca atoms concentration on borophene the 
binding energy decreases. On another hand, the binding energy of Mg atoms on the 
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borophene initially slightly decreases and then almost remains constant by increasing 
the charge capacity.  
Another factor that plays a significant role in the performance of electrode materials 
for rechargeable ion batteries is the rate of ions diffusion. Diffusion of ions inside the 
electrodes contributes directly to the charging or discharging loading rates accessible 
by a battery. In this regard, a faster ions diffusion is always a more desirable design 
parameter. We accordingly next shift our attention to the diffusion pathway of a 
single Ca, Mg, Na or Li ions on borophene. We used the NEB method to study the 
diffusion pathway as well as energy barrier of a single Ca, Mg, Na or Li adatom on 
single-layer borophene. This was achieved by calculating the variation in energy as 
ion moves between equivalent adsorption sites. The diffusion coordinate is the 
cumulative sum of the trajectory length of all atoms in the structure since the 
diffusion process involves cooperative motion of several atoms simultaneously, 
including the Ca, Mg, Na or Li adatom and its boron neighbours 21. Because of the 
highly symmetric structure of borophene, two representative diffusion pathways were 
considered that are depicted in Fig. 5, one is the longitudinal path which is along the 
furrow (Fig. 5a) and the other is transverse path which is perpendicular to the 
furrow passing over the ridge (Fig. 5b). Based on our DFT results the diffusion 
energy barrier along the longitudinal and transverse pathways were predicted to be 
around 25 meV and 317 meV, respectively. Our prediction for the Li atom barrier 
energy along the transverse direction is close to the energy of 325.1 meV reported by 
Jiang et al. 48. Nonetheless, our predicted value for longitudinal diffusion barrier 
energy is almost an order of magnitude higher than that obtained by Jiang et al. 48. 
According to our simulation results, among the considered adatoms on the borophene 
anode, Na ions present the lowest energy barriers of 3 meV and 223 meV along the 
longitudinal and transverse directions, respectively. The Mg atom that was earlier 
predicted to yield the highest capacity, also have low diffusion energy barriers of 28 
meV and 573 meV along the longitudinal and transverse directions, respectively. 
Regarding the diffusion barrier, again Ca adatoms on borophene present the weakest 
performance with longitudinal and transverse diffusion barriers of 440 meV and 612 
meV, respectively. As expected because of the particular structure of the borophene 
sheet, for the all cases the energy barrier for diffusion along the longitudinal direction 
is conspicuously lower than that along the transverse direction. The considerably 
lower diffusion energy barrier along the longitudinal direction clearly confirms that 
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the diffusion of Na, Mg and Li ions will occur totally along the furrow direction and 
the probability of diffusion along the transverse direction will be limited. As 
discussed in the work by Jiang et al. 48, and also in accordance with our results, the 
borophene films present very low ions diffusion energy barriers in comparison with 
other 2D materials 48.   
 
 
 
Fig. 5, Top and side views of a single Li atom diffusion pathways along (a) longitudinal and 
(b) transverse directions. (c) Calculated energy profile of lithium diffusion along longitudinal 
and transverse directions. 
4. Conclusions 
In summary, first-principles calculations were performed to probe the potential 
application of borophene for Ca, Mg, Na or Li ion storage. We first investigated 
strongest adsorption sites for a single adatom on the borophene film. We predicted 
relatively strong binding energies of around 4.03 eV, 2.09 eV, 2.92 eV and 3.28 eV 
between the borophene substrate and Ca, Mg, Na or Li adatom, respectively. Then 
the adatoms intercalation on the borophene was simulated using a step by step 
approach. Based on the Bader charge analysis results we acquired remarkably high 
charge capacities of around 800 mAh/g, 1960 mAh/g, 1380 mAh/g and 1720 mAh/g 
for Ca, Mg, Na or Li atoms adsorption on borophene, respectively. We predicted that 
adatoms adsorption on borophene induce considerable deformation and lattice 
distortion. Nevertheless, using the AIMD simulations at room temperature it was 
confirmed that the borophene sheets can well retrieve their original structure after 
the ions separations. In addition, based on the AIMD results we found that 
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borophene films can withstand relatively high temperatures of around 750 K. 
Moreover, our electronic density of states results also verified that the pristine and 
charged borophene films present metallic behaviour which is a highly desirable factor 
for the application of borophene as an anode material for rechargeable ion batteries. 
We also accomplished the nudged elastic band simulations to obtain diffusion 
pathways and the corresponding energy barriers. Interestingly, we predicted that 
diffusion of Mg, Na or Li adatom on borophene is extremely fast and it occurs 
mainly along the furrow of corrugated borophene. Our investigation proposes the 
borophene as an outstanding candidate to be utilized as an anode material in 
rechargeable ion batteries not only because of its high charge capacity but also due 
to its metallic characteristic, high diffusion rates and also acceptable thermal 
stability.  
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